immunosorbent assay (ELISA) are usually used. However, the adsorbents utilized by these techniques are not in physically and chemically stable compared to commonly used adsorbents such as C18-silica, styrene-divinylbenzene, and ion-exchange resin.
Instead of these affinity adsorbents, molecularly imprinted polymers (MIPs) have been widely studied since 1990, especially in European countries. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The general concept of MIP preparation is described in Fig. 1 . As show in this figure, first, a complex of a template molecule (targeting molecule) and functional monomers, which can be non-covalently interacted with the template, is prepared in suitable solvents. Then, the solution is mixed with an excess amount of crosslinking agent and radical initiator. Finally, the mixture is polymerized by a thermal or a photo reaction. The polymer is washed with organic solvents and/or acidic buffers to remove the template molecule and unreacted reagents, then a porous polymer having the selective recognition sites for the targeting molecule can be obtained. Since this technique makes it relatively easy and simple to obtain the molecular-sized "key-and-lock" ability, MIPs have been widely utilized as separation media, artificial catalysis, and enzyme/antibody mimics. [14] [15] [16] [17] [18] [19] [20] [21] Especially, separation media for the selective separation and concentration of toxic compounds in foods and environmental water have been actively studied in the past decade. [22] [23] [24] [25] [26] As mentioned above, although MIPs are very attractive for selective separation/concentration by the simple procedure, there are some drawbacks for actual usage, e.g. 1) difficulty of application to toxic and/or rare compounds because of the need of the targeting compound as the template, 2) difficulty of completely removing the template due to the highly crosslinked polymer matrix, 3) difficulty of application to water soluble compounds, and 4) heterogeneous nature of the recognition sites because of the excess of the functional monomers. To overcome the necessity for a real targeting molecule, Matsui et al. and the other researchers have employed a "dummy template," which has a similar chemical structure as the targeting molecule. [27] [28] [29] [30] [31] We have also reported alternative MIPs such as the "fragment imprinting" and the "interval immobilization technique." 32 In the former technique, we employed a fragment template as a part of the structure of the targeting molecule, and achieved selective separation and/or concentration of endocrine disrupters and natural toxins. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] In the latter technique, we utilized selective recognition based on the interval of the ionic functional groups in the targeting molecule, and achieved selective concentration of water-soluble pollutants as well as selective photodegradation of toxins. [43] [44] [45] [46] [47] [48] [49] In this review, we present the fundamental concepts of both techniques and their applications for environmental analyses, a photocatalysis, and a stimulus response hydrogel.
Fragment Imprinting
As described above, it is difficult to apply MIPs for toxic and/or rare compounds. Herein, the most serious problem is the remaining of template molecules in the MIP matrix even after repeating washing the process. In fact, it is possible that the remaining template is eluted by the drastic change of pressure or solvents during actual use, resulting in error of analyses. 50 For improvement of the problem, we proposed an alternative concept named fragment imprinting; the technique provides similar selective recognition ability using a partial structural molecule of the targeting compound as a pseudo template. A schematic image of fragment imprinting is shown in Fig. 2 . Based on a number of studies by this method, we reported the selective separation of bisphenol A and its halogenides, poly chlorinated biphenyl and its hydroxides (OH-PCBs), and cyanobacterial toxins. As one example, the selective separation of brominated bisphenol A by liquid chromatography (LC) is shown in Fig. 3 . In this study, we utilized 2,6-bis(trifluoromethyl)benzoic acid as the pseudo template and 4-vinylpiridine (4VP) as the functional monomer. The prepared MIP and non-MIP, which was prepared without the template, were packed into columns and evaluated by LC, resulting in the selective retention of 3,3′,5,5′-tetra-Br bisphenol A by the structural recognition effect. 37 Similarly, the MIP prepared with biphenyl-4-carboxylic acid as the template and 4VP provided the selective separation of OH-PCBs analogues by the pKa differences based on the substituted position of chlorine atoms. As shown in Fig. 4 , only three specific analogues were effectively separated from a mixture of 19 analogues, while only hydrophobic separation was observed by a commonly used C18 column. 39 Additionally, as a theoretical evaluation of fragment imprinting, we clarified the recognition mechanism of a shellfish toxin, domoic acid, by LC evaluations and computer modeling. According to the MIPs concept described in Figs. 1 and 2, it was believed the recognition sites in MIP are inflexible, so that the targeting compounds should be also inflexible. However, when we employed domoic acid as the targeting compound, which has flexible conformations based on three chiral carbons in its structure, fairly selective separation/concentration were achieved using the MIP prepared by fragment imprinting. As a result of LC evaluation of the column packed with the MIP prepared with pentane-1,3,5-tricarboxylic acid as a template and 4VP, the higher selective retention of domoic acid was observed. On the other hand, the estimated static conformation of domoic acid in the mobile phase condition by calculation of molecular modeling provided the adjacence of three carboxylic acids (left in Fig. 5 ). However, further modeling also indicated a different conformation by protonation (right in Fig. 5 ). The alternation of Gibbs energy by protonation was estimated at 6.68 kJ/mol, while the stabilization energy due to adsorption into the recognition site in the MIP was estimated at 15.8 kJ/mol by chromatographic evaluation. We concluded that the flexible compounds can be incorporated to the recognition site by alternation of its conformation. Therefore, we suppose that fragment imprinting is applicable for flexible compounds by the optimization of the arrangement of the functional monomer, which can interact with the functional groups of the targeting compounds. 38, 40 Fragment imprinting has expanded the possibility of the MIP technique for a number of targeting compounds including toxins, rare natural compounds, and flexible compounds. However, in general, these results shown above as well as reports by other papers treated relatively hydrophobic compounds as the targeting compounds.
Therefore, the problems related to water-soluble compounds and the heterogeneous nature of the recognition sites still remain. To overcome these problems, another technique was required.
Interval Immobilization Technique
In general MIPs, the excess of functional monomers against a template molecule are used in a nonaqueous system. Hence, the recognition sites are not homogeneous and the MIP cannot be applicable for water-soluble compounds such as alkaloids having ionic groups. To resolve the problems, we proposed a novel method named interval immobilization technique. In this technique, as shown in Fig. 6 , an ionic complex of a template molecule and a functional monomer is prepared in advance. Here, the template molecule can be considered by the intervals of the ionic groups in the targeting compound. After the attachment of the ionic complex by radical addition on a surface of a porous polymer prepared of crosslinking agent, the template can be removed by washing in highly salted aqueous solution. Finally, the adsorbent shows the selective adsorption ability for the targeting compound due to the recognition of intervals of ionic groups. In fact, we utilized this technique for the selective separation/concentration of a cyanobacterial toxin 43, 44 and a shellfish toxin. 47, 48 Figure 7 shows mass (MS) chromatograms of samples with/without treatment by MIP.
When the MIP prepared with 4-(tributylammoniummethyl) benzyltributylammonium was used as a adsorbent of solid phase extraction (SPE) of blue mussel extracts containing the shellfish toxin, saxitoxin, the peak of saxitoxin disappeared in the eluted solution, while the peaks were confirmed by using non-MIP prepared without template. The results indicated that the MIP prepared by the interval immobilization technique provided the selective adsorption of saxitoxin and can be applicable for actual purification of real natural samples.
By similar technique, we achieved the effective determination of the pharmaceutical, sulpiride by an online SPE-LC-MS using a MIP as an online SPE adsorbent. The schematic image of this study is shown in Fig. 8 . The chromatograms using an MIP and non-MIP are summarized in Fig. 9 . As shown in the chromatograms, sulpiride was selectively retained in the MIP column. SPE evaluations also indicated the selective adsorption of sulpiride and sufficient adsorption capacity as an SPE adsorbent for the pretreatment of environmental water. Finally, we demonstrated the determination of sulpiride in river water with the online SPE-LC-MS, which is often used for the determination of environmental pollutants.
The MS chromatogram of the river water sample without spiking sulpiride is shown in Fig. 10 and the concentration was determined at 560 ng/L.
Other Applications
Both the fragment imprinting and the interval immobilization techniques worked effectively for the selective separation/concentration of environmental pollutants. Especially, the interval immobilization technique is identified as a new technique for artificial molecular recognition. 51 We also applied the technique for the modification of inorganic materials. 49 Titanium oxide (TiO2) has photodegradation ability for organic compounds and holds promise as a clean-up tool for environmental air/water. However, one of drawbacks of TiO2 is that it has no capability for selective adsorption of organic compounds. Here, the interval immobilization technique was applied to TiO2 for the selective adsorption/photodegradation of toxic compounds. As shown in Fig. 11 , the surface of TiO2 was modified with the recognition sites for saxitoxin, and then the hybrid materials showed the selective adsorption/ photodegradation ability in repeating evaluations. Pretreatment: conditioning with water, 4.0 mL; river water sample, 10 mL; washing with water, 1.0 mL; washing with MeCN, 1.0 mL. Valve switching was conducted after washing with MeCN. Fig. 11 Schematic image of the modification of the recognition sites onto a TiO2 particle.
As another application, molecular recognition-responsive hydrogels were developed. 52 We prepared poly(ethylene glycol)-based hydrogels containing ionic groups. We evaluated the fundamental swelling/shrinking properties of the hydrogels synthesized by various conditions. The swelling/shrinking behavior of the hydrogels was affected by the environmental condition of the aqueous solution. In fact, the hydrogels shrank considerably (to 1/5 volume) when using a di-ionic solute in the aqueous solution owing to the ionic interactions between the hydrogel and the solutes (Fig. 12) . Additionally, the specific shrinking to di-amine compounds was also observed in response to pH change. These results clearly showed the swelling/shrinking responsiveness of the hydrogels to molecular recognitions and pH conditions. We expect a similar concept will be applicable for the selective adsorption of biomolecules such as proteins and nucleic acids.
Conclusion and Prospective
We developed alternative molecular imprinting techniques that resolved a number of drawbacks in earlier methods. Both the fragment imprinting and the interval immobilization techniques showed selective recognition for targeting compounds and promising prospects for use in the effective pretreatment of environmental pollutants as the adsorbent of SPE. Additionally, the interval immobilization technique was applicable for other objectives such as photodegradation of toxins and development of stimulus responsive hydrogels. We believe that these new techniques will allow for further possibilities for the selective separation of expanded compounds, and find applications in a wide variety of fields.
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